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The biologic activity of cultured epithelial grafts is believed 
to diminish with increasing cellular age. Therefore, kerati-
nocytes from young donors are used preferentially in the 
production of cultured allografts for wound treatment. 
However, the impact of biologic age on cytokine gene ex-
pression by human keratinocytes has not been previously 
investigated. In this study, transforming growth factor-beta 1 
(TGF-Pl) gene expression in human keratinocytes derived 
from normal foreskins of males ranging in age from 7 months 
to 82 years was analyzed. Keratinocytes were harvested from 
fresh specimens and cultivated in vitro on 3T3 fibroblast 
feeder layers through second passage. The cells were ana-
lyzed both qualitatively and semiquantitatively for TGF-pl 
gene expr.ession using three s.eI:>ara~e techniques: in. ~itu 
hybridizatlOn, Northern hybndIzatlOn, and cOmpetItIve 
polymerase chain reaction. By in situ hybridization, the signal 
O ver the past decade, cultured keratinocyte grafts, either autologous or allogeneic, have been used in the clinical treatment of a wide variety of problem-atic wounds. Their mechanisms of action are thought to be related, directly and/or indirectly, to 
their cytokine (growth factor) expression and their ability to deliver 
these cytokines to the healing wound. At present, however, the 
variables in the cultured graft system that might be expected to alter 
the cytokine expression of the cells and, thereby, the clinical effi-
cacy of the grafts, remain undefined. Biologic age is one of the most 
common variables in the cultured epithelial autograft (CEAU) sys-
tem, but its impact on keratinocyte cytokine expression is unknown. 
Because young keratinocytes have greater clonal potential [1] and 
are more responsive to cytokine stimulation [2,3J, it has been as-
sumed that they also secrete cytokines more avidly than their adult 
or geriatric counterparts. Based on presumed differences in cell 
function related to biologic age, it has been predicted that the clini-
cal performance of cultured auto grafts in adult patients might be 
inferior to that in pediatric patients. It is also largely for this reason 
that cultured epithelial allografts (CEAL) used therapeutically as 
biologic wound dressings are produced from neonatal rather than 
adult leukocytes. 
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representing TGF-pt transcript was detected in cells in all 
layers of the stratified cultures, and immunohistochemical 
staining for TGF-pl protein was equally intense in all layers. 
Northern blots of total RNA extracted from the cultivated 
cells showed no decrease in band density with increasing 
biologic age. Likewise, no decrease in TGF-pt mRNA levels 
with biologic age was observed using a semiquantitative 
polymerase chain reaction assay. These results indicate that 
the potential for TGF-pl gene expression in cultured fore-
skin keratinocytes does not decline with increasing cellular 
age. The findings imply that the clinical performance of 
cultured grafts, at least as it relates to the elaboration of this 
growth factor, may not be significantly altered by the bio-
logic age of the keratinocyte donor. Key words: cultured epithe-
lial graft/Northern hybridiz ation/polymerase chain reaction/ 
wound healing. ] Invest DermatoI103:127-133, 1994 
The present investigation analyzes the impact of biologic age as a 
single variable on transforming growth factor-j31 (TGF-j31) gene 
expression in cultured keratinocytes. In this study, all cells were 
derived from skin of the same sun-protected body site in normal 
male subjects of different biologic ages. They were grown to con-
fluence through second passage under identical conditions ill vitro. 
Confluent second-passage cultures were chosen for this investiga-
tion because they constitute the most common type of cultured graft 
used for clinical therapy. Transforming growth factor-j31 gene ex-
pression in these cells was analyzed semiquantitatively by two sepa-
rate methods, Northern hybridization and competitive polymerase 
chain reaction (PCR), and qualitatively by it! situ hybridization 
(ISH). With a reliable, highly sensitive PCR technique, posttrans-
plantational changes in TGF-j31 gene expression in CEAU can be 
analyzed from biopsy material. 
MATERIALS AND METHODS 
Cell Culture Freshly excised, normal foreskins of males ranging from 7 
months to 82 years (7 months, 17 months, 2, 4,5,10,35,44, and 82 years) 
were collected sterilely from the outpatient procedures room of the Massa-
chusetts General Hospital with the permission of the Human Subjects Sub-
committee of the Institutional Review Board Committee on Research. The 
epidermis from each specimen was mechanically separated from the dermis. 
minced, and trypsinized to single-cell suspension, plated onto a feeder layer 
of irradiated 3T3-J2 fibroblasts, and cultivated according to the modified 
method ofRheinwald and Green [4], details of which have been reported by 
Barrandon and Green [5]. Keratinocytes were grown in a 3: 1 mixture of 
Dulbecco-Vogt modified Eagle's medium and Ham's F12 medium (Hazel-
ton Biologics, St. Lenexa, KS) supplemented as previously described [5] with 
glucocorticoid, cholera toxin, recombinant epidermal growth factor, insu-
lin. and antibiotics. The cells were fed every 3-4 d. At confluence, the 
keratinocytes were trypsinized to single-cell sllspension, and subcultivated 
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to second passage. At confluence, any remaining 3T3 cells were separated 
from the keratinocyte layer by mechanically rapping the flask and washing 
off free-floating cells. Portions of each cultured cell sheet were embedded in 
glycerol mounting medium and snap-frozen in liquid nitrogen for immun~­
histochemistry or fixed for ISH in 4% paraformaldehyde, embedded In 
glycerol mounting medium, and .stored at -80·C. The re',llainder of each 
culture was extensively washed with phosphate-buffered salme and pelleted, 
then resuspended and vortexed in a cold solution of 1 % diethylpyrocarbon-
ate (DEPC) and 0.5% Nonidet P-40 non-ionic detergent solution [6) prior to 
RNA extraction (see below). Cells from three culture flasks were pooled for 
each RNA extraction procedure and subsequent mRNA analyses. 
Immunolocalization ofTGF-pt in Con6uent Keratinocyte Cultures 
Sections of fresh-frozen keratinocyte sheets were cut on a Reichert-Jung 
Frigocut 2800 E cryostat at -20· C at a thickness of 5IJ.m, picked up on glass 
slides coated with 1 % 3-aminopropyltriethoxysilane (Sigma Chemical, St. 
Louis, MO), fixed in acetone, air-dried, and blocked with normal goat 
serum. Sections were incubated overnight with a polyclonal, monospecific 
antibody to human TGF-fll (generous gift of Dr. Leslie Gold, N.Y.U. 
Medical Center, NY) (7) or normal saline (control). The primary antibody 
was amplified by an avidin-biotin peroxidose complex (ABC) method using 
a Vectastain kit (Vector Labs, Burlingame, CAl and counterstained with 
hematoxylin. 
RNA Extraction Total RNA was isolated from keratinocytes using a 
guanidine isothiocyanate method [8), which has the advantage of immedi-
ately inhibiting ribonucleases as the cells are lysed. The RNA was phenol/ 
chloroform extracted, ethanol precipitated, and resuspended in DEPC-
treated water [9). RNA concentration and puriry were determined by 
spectrophotometry. To eliminate DNA contamination in samples used for 
PCR, the extracted RNA was digested with O.OllJ.g/ml DNase (GIBCO 
BRL Life Technologies, Gaithersburg, MD) at 37·C for 30 min, then re-ex-
tracted and reprecipitated. 
Northern Hybridization and Quantitative Analysis of Blots by 
Phosphorimaging Total RNA (10 IJ.g/lane) was electrophoresed on 
1.5% formaldehyde-agarose gels, transferred onto a GeneScreen Plus nitro-
cellulose membrane (DuPont NEN Research Products, Boston, MA), and 
baked ill vacuo at 75 · C for 2 h. Filters were then probed with purified 
TGF-fll eDNA (see below) that had been radiolabeled with 32P. As a control 
for mRNA loading and intactness, filters were also probed for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) mRNA using GAPDH eDNA 
(Clontech , Palo Alto, CAl. The resultant bands from both hybridizations 
were quantitated using a PhosphorImager (Model 400; Molecular Dy-
namics, Sunnyvale, CAl. Individual TGF-fll band densities were normal-
ized against the GAPDH value of the corresponding lane to correct for 
loading inequalities. Two separate hybridizations were performed using the 
same sample RNAs to assure reproducibiliry. 
TGF-pt cDNA and cRNA Probes A 592-base pair (bp) Smal 
(Boehringer Mannheim, Indianapolis, IN) restriction fragment was derived 
from a human TGF-jll eDNA clone inserted in pSP65 vector (generous gift 
of Dr. Rik Derynck, U.C.S .F., San Francisco, CA [10)) and labeled by a 
random-primer method [11] using a Random Primer DNA Labeling Kit 
(Boehringer Mannheim). The 32P-Iabeled TGF-jll eDNA probe, specific 
activiry of 1 X 109 counts per minute (cpm)/lJ.g, was used for both Northern 
and Southern hybridizations (see below). 
Riboprobes were prepared for ISH using an SP6/T7 RNA Transcription 
Kit (Boehringer Mannheim) to generate sense and antisense transcripts. 
Antisense 35S-labeled riboprobe was produced using T7 RNA polymerase 
linearized by HittdIU (GIBCO). Sense riboprobe was generated using SP6 
RNA polymerase on DNA templates linearized with EcoRI (GIBCO). For 
ill situ hybridization, RNA transcripts were labeled with 100 IJ.Ci of3SS-UTP 
(1000 Ci/roM; Amersham Corp, Arlington Heights, IL) to a specific activ-
iry greater than 5 X 108 cpm/lJ.g RNA. 
In Situ Hybridization ISH was carried out as described by Giaid et al [12) 
and Tong et al [13] using both sense-cRNA and RNase-pretreated controls. 
Frozen sections were cut at a thickness of7 Itm, picked up on poly-L-Iysine-
coated slides, and stored at -80· C until use. To improve access of the probe 
to cellular RNA, sections were pretreated with proteinase K (Boehringer 
Mannheim) at 1 IJ.g/ml for 20 min at 37 · C and washed in 2 X standard 
saline citrate (SSC = 0.15 M NaCI, 0.015 M sodium citrate, pH 7.0). To 
reduce nonspecific binding of the probe, sections were prehybridized for 2 h 
at room temperature in a buffer containing 50% (v Iv) formamide, 5 X saline 
sodium phosphate ethylenediamine tetraacetic acid (EDT A) (SSPE: 0.18 M 
NaCI , 10 roM NaHzP04, 1 mM EDTA, pH 7.4), 0.1% (w/v) sodium 
dodecyl sulfate, 0.1 % (w Iv) bovine serum albumin, 0.1 % (w Iv) polyvinyl-
pyrrol idone, 200 IJ.g/m1 denatured salmon testis DNA (Sigma), yeast tRNA 
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Figure 1. Internal control for semiquantitative PCR analysis of TGF-Pl 
mRNA. A 42-bp internal sequence (solid black portion of Itatclted bar) was 
deleted from human TGF-jl1 eDNA at the Msc1 restriction site cleavage 
points (vertical arrows). The binding sites for the primers used to co-amplify 
the native mRNA and engineered control are indicated as A and B. 
(200 Itg/ml), and 20 IJ.g/ml poly(A) (Boehringer Mannheim). The hybrid-
ization was carried out for 18 h at 45 · C in hybridization buffer containing, 
in addition, 4% (w/v) dextran sulfate and 35S-labeled TGF-fll cRNA probe 
(see below) at 5 X 106 cpm/m!' 
After hybridization, the sections were rinsed three times (30 min each) in 
4 X SSC buffer at 45·C and then incubated in 2 X SSC containing 0.5 
IJ.g/ml DNase-free RNase (Sigma) for 1 hat 37"C to remove nonspecifically 
bound probe [14,15). The sections were then washed in 2 X SSC (1 h) then 
0.5 X SSC (1 h). The slides were dipped in liquid autoradiographic emulsion 
(NTB-2, Eastman Kodak Co., Rochester, NY) and stored in light-tight 
boxes at 4·C for 2 weeks before being developed and counterstained with 
hematoxylin and eosin. The strength of the hybridization signal and its 
differentiation from background were determined by counting silver grains 
over the tissue sample and adjacent slide surface not bearing tissue. 
Polymerase Chain Reaction To analyze mRNA levels in cultured epi-
thelial tissues by semiquantitative PCR assay, an internal RNA control was 
constructed that would synchronously undergo both reverse transcription 
and co-amplification with the native mRNA-derived eDNA using the same 
primers. The internal control was engineered so that it differed from the 
native transcript by 42 bp, allowing it to be reverse transcribed within a time 
frame comparable to that required for the native transcript but producing a 
band easily distinguished from the test product on agarose gel separation. 
The control was produced by deletion of a fragment (sites 1583 through 
1625) from the human TGFjl1 eDNA using the Msc1 restriction enzyme 
(GIBCO) (Fig 1). The free ends were linked and the altered eDNA was 
subcloned into pGEM-7Z(f+) vectot (Promega Corp, Madison, WI), se-
quenced (Fig 2) and used as a template to generate cRNA. 
Primers were designed to hybridize beginning at sites 1479 and 1659 of 
the TGFfl1 eDNA sequence, respectively. The total length of the flanking 
site between the primers was 190 nucleotides for native mRNA and 138 
nucleotides for the control eDNA sequence. The primer sequences used 
were as follows: 1) 5'-GAAAT TGAGG GCTIT CGCCT-3' for primer 
site 1479 and 2) 5' -AAGCA AT AGT TGGTG TCCAG-3' for primer site 
1659. 
Reverse transcription of 0.11J.g total RNA from each test sample and 50 pg 
of constructed cRNA control was performed in 10 IJ.I reaction volumes in 
1 X PCR buffer containing 5 mM MgClz' 1 roM deoxynucleotide triphos-
phate (dNTP), 1 U/IJ.I RNase inhibitor, 2.51J.M random primer, and 2.5 
U/1J.1 reverse transcriptase (GeneAmp RNA PCR Kit; Perkin Elmer Cetus, 
Emeryville, CAl. The reaction mixture was incubated at room temperature 
for 20 min, at 42·C for 30 min, and then at 99·C for 5 min. Amplification 
was carried out in 1 X PCR buffer, 200 IJ.M dNTP, 0.2 pmol primers, 2 mM 
MgClz, and 0.025 U / IJ.I Taq polymerase in a final volume of 50 IJ.I overlaid 
by mineral oil using a DNA Thermal Cycler 480 (Perkin Elmer Cetus) with 
the following parameters: melting at 95·C for 30 seconds, annealing at 
60·C for 1 min, and extension at 72 · C for 1.5 min. 
To prevent an unequal degree of competition for primers during PCR 
cycling, balanced concentrations of internal control RNA and test RNA 
were sought. To determine the appropriate concentration of internal control 
for use in testing, graded concentrations of modified TGF-jll cRNA ranging 
from 20 to 90 pg were co-amplified with 0.11J.g of total RNA from cultured 
2-year-old keratinocytes. The concentration that corresponded most 
closely with the native cellular TGF-p1 mRNA concentration was deter-
mined by comparable band densiry. Thereafter, a similar concentration of 
internal control was used in the PCR analysis of the RNA extracts from thf 
cultured cells of different ages. A titration was also performed using twofold 
dilutions of total RNA sample (from 200 ng through 3 ng) from 2-year-old 
cultured keratinocytes co-amplified for 30 cycles (see below) with a constant 
amount of internal control (100 pg). This titration was performed to confirm 
that the reaction could detect twofold differences in RNA concentration 
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Figure 2. Sequenc.ing analysis of engineered internal control for PCR. 
Following the deletion of a short mternal segment ofTGF-pt cDNA at the 
Msc l restriction site (arrow) , the resultant structure of the engineered control 
was determined by sequencing analysis to confi rm that the predicted se-
quence had been obtained. 
between individual test samples. Radioactive 32P-labeled dCTP (Amersham 
Corp) (less than 0.001 mM final concentration) was used in the amplifica-
tion mixture, and separated bands of resultant PC R products were quantified 
by phosphorimaging. 
T o define the optimal number of amplification cycles fo r our analyses, 
PCR products from a 2-year -old cell sample were examined by ethidium 
bromide staining and ultravio let (UV) light exposure after 20, 25, 30, and 35 
cycles. Bands became barely discernible at 25 cycles and clearly defined after 
35 cycles. Thus, final analyses of cell samples were all performed at 30 cycles 
(the lowest number of cycles that yielded definitive bands) and repeated 
three times to ensure reproduclbdlty. 
Southern Hybridization T o quantify the PC R products (30 cycles), 
10-pl samples of the PCR reaction mixtures were separated by electrophore-
sis on a 2. 5% agarose gel in 1 X Tris-borate DTA buffer. The gel was stained 
by ethidium bromide and photographed. The PC R products were then 
blo tted, transferred to nitrocellulose fi lters, and hybridized with 32P-Iabeled 
T GF-pl cDNA probe. The resultant bands were quantified by densitometry. 
RESULTS 
Cell Cultures From initial plating of primary cultures, the time 
required for growth to confluence in secondary passage varied from 
18 to 32 d. The variations in growth time did not correlate with 
keratinocyte age. The 35-year-old cells grew the fas test, requiring 
only 18 d in culture. Both the 10-year - old and 82-year - old kerati-
nocytes required 23 d in culture. The 4-year - old keratinocytes 
grew most slowly , requiring 32 d in culture. 
Northern Hybridization The 2.5-kilobase pair(kb) bands rep-
resenting the hybridization signal for TGF-fJl mRNA showed no 
reduction in intensity with increasing biologic age of cells (Fig 3) in 
ei ther of the two hybridizations performed. In general, the GAPDH 
mRNA hybridization bands were of similar relative density (Fig 3) , 
demonstrating that the expression of this gene was also unchanged 
with biologic age. Variations in the hybridization signal for 
GAPDH were interpreted as indications of inequalities in lane load-
ing. Most notably, the lanes representing the 35-year - old cell sam-
ple showed an increased intensity of both the GAPDH and TGF-fJl 
bands relative to other cell samples. This was seen in both of the 
Northern hybridizations performed. The ethidiul11 bromide stains 
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Figure 3. N orthern hybridization for TGF-pt mRN A in ke ratinocytes of 
increasing biologic age. Lower set oJball ds, hybrid ization signals for TGF-pt 
mRNA of total RNA extracted from confluent second passage cultured 
foreskin keratinocytes from donors ranging in age from 17 months to 82 
years. The corresponding control blot for GAPDH mRNA is shown above 
(upper sel oj ballds). 
of the corresponding gels also showed increased band density in the 
lane containing the 35-year - old cell sample, consistent with a load-
ing error, and suggested that the RNA concentration in that sample 
had been underestimated. N evertheless, quantitation of TGF-fJ l 
band densities after being normalized to the GAPDH control band 
densities in the corresponding lanes confirmed that there was no 
pattern of diminution of T GF-fJl gene expression with increasing 
cellular age (Fig 4) . Overall , TGF-fJl gene expression showed some 
variation among specimens, but the 4-year - old and the 82-year-
old keratinocytes showed virtually identical levels of T GF-fJl gene 
expression (Fig 4) . 
PCR: The PC R product of the internal control RN A could be 
easily distinguished from that of the native mRNA when 10.u1 of 
each were separated on 2.5% agarose gels and exposed to U V light 
after ethidium bromide staining (Fig 5). Bands produced from 
graded concentrations of control cRNA increased in density with 
increasing concentration, as expected. The band produced by 40 pg 
of control cRNA corresponded most closely in density to that pro-
duced by 0.1 .ug total RNA derived fro m the cultured keratinocytes 
(Fig 6). PC R products from co-ampl ification of 100 pg of internal 
control cRNA and serial twofold dilutions of native RNA produced 
graded band densities for the sample dilutions (Fig 7). Q uanti tative 
analysis of this titration (test band densities normalized to control 
band densities) showed that twofold diffe rences in mRNA concen-
tration between samples could easily be detected by standardization 
to the internal control (Fig 8) within a broad range. 
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Figure 4. Quantitative analysis of TGF-p t Northern blot band densities. 
Band densities fro m both the TGF-pt and GAPDH hybridizations were 
determined by phosphorimaging analys is. H ybridization signals for TGF-pl 
were normalized (expressed as a ratio) aga inst the density of the GAPDH 
control band fro111 the corresponding lane. 
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Figure 5. Agarose gel separation of PCR products from simultaneously 
amplified (30 cycles) native TGF-fit mRNA and modified TGF-fit internal 
control RNA. Following co-amplification of native TGF-fit mRNA from 
2-year - old cultured keratinocytes and modified TGF-fit internal control 
RNA, the ability to distinguish the two separate PCR products was tested. 
M, t-kb marker ladder; N, native mRNA; C, constructed cRNA control. 
Using 50 pg of internal centro I per 0.1 J1.g sample .of tetal RNA 
frem each.of the keratinecyte cultures, the resultant bands .of ampli-
fied centrel were .of cemparable density, and the density .of bands 
frem amplified native transcript shewed ne diminutien with the 
bielegic age .of the dener cells. Thus, the results .of the PCR analysis 
agreed with these .of the Nerthern hybridizatien and demenstrated 
that TGF-pl gene expressien did net decrease with the increasing 
bielegic age .of skin deners (Fig 9). Densitometric measurements .of 
the resultant bands frem Seuthern hybridizatien cenfirmed this 
ebservatien (Fig 10). 
In Situ Hybridization and Immunohistochemistry Using 
the antisense probe, hybridization signal was .observed through .out 
all layers .of stratified cDnfluent keratinecyte cultures (Fig I1a). The 
signal appeared equally abundant in the basal and suprabasal cells. 
Quantitative analysis .of silver grains in 10 independent determina-
tiDns shDwed that the hybridization signal ever the cell sheet was an 
average .of threefeld greater than backgrDund. Neither granular nDr 
native mRNA 
20 30 40 50 60 70 80 90 
CeRNAJ 
Figure 6. Simultaneous PCR amplification for 30 cycles of fixed amount of 
sample RNA and graded concentration of internal control. The band densi-
ties of PCR products resulting from co-amplification of 0.1 Ilg total RNA 
from cultured 2-year - old keratinocytes and graded concentrations from 
20-90 pg of control cDNA were compared to determine an appropriate 
amount (balanced quantity) of internal control to use for semi-quantitative 
PCR analysis of cultured keratinocyte TGF-fit mRNA. 
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IC-> 
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Figure 7. Simultaneous PCR amplification for 30 cycles of fixed amount of 
internal control RNA and graded concentration of sample RNA. To deter-
mine whether a twofold difference in TGF-fit mRNA expression could be 
detected in this amplification system, a constant amount (tOO pg) of modi-
fied TGF-fit cRNA internal control was co-amplified with serial twofold 
dilutions (ranging from 200 ng through 3 ng) of 2-year-old keratinocyte 
RNA. The graded band densities obtained from the diluted sample are 
shown. Values of molecular weight markers are indicated on the right. Ie, 
internal control; N, native RNA from cell sample. 
cernified layers were present in the cultured cell sheets, indicating 
incDmplete terminal differentiatiDn .of the cells. Ne labeling abDve 
backgrDund was .observed .on sectiens hybridized against the sense 
prebe (Fig Ilb) Dr en RNase-treated sectiens (averages based .on 10 
independent determinatiens) . ImmunDhistDchemical lDcalization 
fer the cytekine itself alsD shewed intense staining .of beth basal and 
suprabasal strata (Fig 12). Ne qualitative .or quantitative differences 
were .observed ameng cultures derived frem cells .of different ages. 
The results indicate that expression .of TGF-pl en bDth the tran-
scriptiDnal and translatiDnalleveis .occur te a similar marked degree 
in keratinDcytes at different stages .of differentiatiDn in vitro, regard-
less .of the biDlDgic age .of the cells. 
DISCUSSION 
During the past decade, an answer to the problem .of limited auto-
graft availability in massive burns evelved frDm a new bietechnol-
egy that permitted rapid in vitro propagatien .of human keratino-
cytes te fDrm epithelial sheets suitable fer grafting [16]. PilDt studies 
in animals first shDwed that cultured human keratinDcytes wDuid 
regenerate a fully differentiated epidermis after grafting tD a CDn-
nective tissue substrate and suggested that their clinical use as skin 
grafts might be feasible [17]. ApplicatiDn te massive burns lacking 
sufficient denDr sites fer cDnventienal skin grafts seemed especially 
promising, as it was pDssible te generate enDugh epidermis tD CDver 
an entire human bDdy surface within 3 - 4 weeks frDm a small skin 
zoo 100 so 2S 13 6 
Figure 8. Quantitative analysis of PCR products from co-amplification for 
30 cycles of serial twofold dilutions of cultured keratinocyte RNA and 
modified human TGF-fit cRNA control. Individual band densities (arbi-
trary units, ordinate) from serially diluted sample (abscissa) were determined 
by densitometty and normalized against the corresponding internal control 
band density, to confirm that twofold differences in TGF-fil mRNA among 
individual samples were distinguishable by this method. 
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Figure 9. PCR product~ from co-amplification of TGF-fit mRNA from 
cultured keratinocytes of mcreasmg bIOlogIc age (2, 7, 35, 44, and 82 years) 
and internal controls of modified human TGF-fit cRNA. Using 50 pg of 
internal control per O.t )lg sample of total RNA from each of the keratino-
eyte cultures, the native transcript was amplified for 30 cycles. N, native 
mRNA from cultured cells; C, internal control RNA. 
biopsy using this culture method. Clinical pilot studies confirmed 
that cultured autologous epithelial sheets could be used in the treat-
ment of burn wounds and that permanent wound coverage with 
CEAU was possible [18,19]. 
In 1984, the use of CEAU was shown to be life-saving in massive 
burn injury [20]. Thereafter, CEAU began to be used by a number of 
clinical investigators for the treatment of burns (reviews [21- 27]) 
and application of this grafting technique to other clinically prob-
lematic wounds soon followed. In 1988, CEAU became com-
mercially available (BioSurface Technology Inc, Cambridge, MA), 
expanding the scope of CEAU therapy for use nationwide. Im-
provements in cryopreservation techniques for cultured grafts also 
made it possible to bank or ship grafts in a frozen state with little loss 
of graft viability [28,29]' eliminating the prior restriction of imme-
diate transplantation following detachment from the culture flask. 
With increasing clinical application, the wound healing promo-
tional capabilities of cultured grafts began to be recognized. Our 
histopathologic studies demonstrated that CEAUs accelerate stro-
mal wound healing compared to controls of meshed graft interstices 
in the same patients and ultimately induce the regeneration of 
dermis from subjacent wound bed connective tissue [30]. Clinical 
studies by other investigators revealed that it was also possible to 
accelerate endogenous epidermization of partial-thickness wounds 
[31,32] or of chronic, nonhealing wounds such as leg ulcers using 
topical applications of CEALs [28,29,33-40]. Although CEALs 
have been shown by four separate methods (i.e., HLA class 1 antigen 
expression [41], Y -chromosomal analysis in sex-mismatched donors 
and recipients [42-45], blood group antigen mismatch [45,46], and 
DNA fingerprinting [47]) to be immunologically rejected within 
Figure 10. Densitometric analysis of Southern hybridization ofPCR prod-
ucts from co-amplification of cultured keratinocyte TGF-fit mRNA and 
modified human TGF-fit cRNA control. After amplification for 30 cycles, 
PCR products were transferred to nitrocellulose gels and hybridized with 
radiolabeled TGF-fit cDNA probe. The band density of individual samples 
is expressed as a percentage of band density of the co-amplified control. 
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a short time after grafting, their brief contact with the wound is 
enough to stimulate re-epithelialization from keratinocyte sources 
in the wound base and/or periphery. Although CEAUs have 
also been observed to accelerate healing of partial-thickness or 
chronic wounds [48], the effect may have been due in part to di-
rect engraftment of the transplanted cells. To date, whether em-
ployed as permanent grafts (CEAUs) or as wound healing promot-
ers (CEAUs or CEALs), treatment with cultured keratinocytes has 
been reported in a wide variety of human injuries and diseases (re-
view [26]). 
Despite this dramatic increase in clinical usage of cultured grafts 
over the past 10 years, data on cultured graft biology remain sparse. 
Although their mechanisms of action are presently undefined, it is 
reasonable to assume that their biologic impact on wound healing is 
related to their expression of growth factors . Human keratinocytes 
are known to produce growth factors from several major classes, 
including 1) the epidermal growth factor family, 2) platelet-derived 
growth factor, 3) the fibroblast growth factor family, and 4) th~ 
TGF-fi family. These cytokines modulate proliferation, migration, 
and functional activity of a wide variety of cell types including 
epithelial cells, endothelial cells, fibroblasts, and inflammatory 
cells. Epithelial-derived cytokines are thought to act in autocrine, 
paracrine, or juxtacrine fashion to regulate both cellular activity 
within the underlying tissues of the wound bed and differentiation 
of the graft epithelium itself. 
TGF-fi1 is a cytokine with significant potential for modulation of 
connective tissue wound healing. This cytokine has three distinct 
isoforms, all of which are highly conserved in the evolutionary tree 
and differentially expressed in mammalian tissues [49], suggesting a 
crucial role for TGF-fi in essential biologic functions . Among its 
many effects on connective tissue elements, TGE-fi1 is known to 
stimulate chemotaxis of fibroblasts, upregulate fibroblast collagen, 
fibronectin, and glycosaminoglycan production, decrease fibroblast 
collagenase activity, and upregulate elastin gene expression [50]. 
Thus, it is believed to be particularly important in connective tissue 
wound healing. In contrast to its mitogenic effect on fibroblasts, it 
inhibits keratinocyte division. A wide variety of cell types, includ-
ing keratinocytes, both produce TGF-fi and express receptors for 
TGF-fi [49,51-52], consistent with its autoregulatory role in cell 
function. In keratinocytes, TGF-fi1 stimulates migration and dif-
ferentiation and upregulates the expression of the genes for the fi-4 
integrin [53], bullous pemphigoid antigen [53]' and collagen VIl 
[54], which are all essential for dermoepidermal junction formation. 
Thus, TGF-fi1 may playa key role in the process of permanent 
attachment of CEAUs to the wound bed. This, in turn, would affect 
the clinical stability of CEAUs in the early postgrafting period and 
could possibly be directly related to CEAU engraftment ("take") 
rates. Furthermore, TGF-fi1 is known to induce the expression of 
hyperproliferative keratins (CK6/16) by epidermal keratinocyte$ 
[55] and is likely to be involved in the postgrafting autoregulatory 
control of keratin programs in CEAUs. 
Factors in the keratinocyte culture system that might alter cyto-
kine expression by the cells would be expected, in turn, to alter the 
clinical performance of cultured grafts, either autologous or allo-
geneic. The biologic age of the keratinocyte donor is perhaps the 
most common clinical variable associated with the cultured graf~ 
system, yet its impact on growth factor expression by the cells has 
not been defined previously. One earlier study suggested that inter-
leukin-1 expression by foreskin keratinocytes decreased with in-
creasing biologic age of the cell donor [2]. However, the design of 
this study was problematic in that it was based on a biologic assay of 
conditioned medium from cultured keratinocytes rather than direct 
measurement of the cytokine. Furthermore, the study utilized kerat-
inocytes from different body-site origins (one sun exposed, one suI} 
protected), introducing additional variables that might themselves 
alter cytokine elaboration. Lastly, conditioned media from cultures 
of adult cells (age range, 22 - 66 years) were pooled rather thad 
compared individually to conditioned medium from cultures of 
newborn keratinocytes. Our study contrasts in several ways with 
those initial investigations. First, keratinocytes from the same sun-
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Figure 11. Localization ofTGF-{31 mRNA in a confluent second-passage 
culture of 2-year-old foreskin keratinocytes by ill situ hybridization. a) 
Using the anti-sense TGF:-{31 riboprobe. the hybridization signal over the 
stratified keratinocyte sheet was three times greater than background and 
was equally distributed throughout the cell layers. b) Using the sense TGF-
PI riboprobe. no signal above background was detected. Bars. 8 )lm (H&E 
counterstain). 
protected body site were used. Second, cells from multiple normal 
donors representing a wide span of chronologie ages were individu-
ally analyzed and compared. Lastly, cytokine expression was deter-
mined directly on a molecular level. Our findings suggest that age 
alone may not necessarily reduce cytokine gene expression in cul-
tured kcratinocytes nor reduce the biologic activity of cultured epi-
thelial grafts. 
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Figure 12. Immunolocalization of TGF-{3t in a confluent second-passage 
keratinocyte culture. a) Intense staining and equal distribution of the protein 
throughout the stratified keratinocyte sheet was seen. b) Negative saline 
control showed no staining. Bar, 10 )lm. 
The correspondence of results obtained by traditional Northern 
hybridization techniques and the more problematic but much more 
sensitive technique of semiquantitative PCR reported here is im-
portant for future studies. With a reliable peR technique, analysis 
of TGF-,Bl gene expression in small amounts of tissue, such as 
post-transplantational biopsies of CEAUs obtained from treated pa-
tients, is possible. From postgrafting biopsies taken at different ri· 
mepoints, the temporal changes in TGF-,Bl gene occurring in 
CEAUs or CEALs after transplantation can be determined. 
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